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in Sao Paulo using a big-leaf modeling approach
Remogdo de MP, s por arvores urbanas em areas com diferentes condi¢des de arborizagao em Sao Paulo, utilizando

um modelo big-leaf

Christianne Nascimento Brito! 2, Luciana Varanda Rizzo’

ABSTRACT

RESUMO

Air pollution is one of the main environmental problems in megacities,
such as the metropolitan area of Sdo Paulo (MASP), in Brazil. Urban
forests can alleviate air pollution by providing a surface for the
dry deposition of particles and trace gases. To benefit from this
environmental service and design future green structures, it is crucial to
estimate the removal rate of air pollutants by trees. The removal rates
of fine particulate matter (PM, ) by urban trees were quantitatively
assessed for the first time in Brazil. A big-leaf modeling approach was
adopted, using the i-Tree Eco software. In situ dendrometric data,
hourly PM, . concentrations, and meteorological variables were used
as inputs to the model. PM, . removal fluxes ranged between 0.06 and
0.21 g/m?/year in three study areas with contrasting urban forestry
conditions. The neighborhood with the greatest canopy cover and
tree diversity had the highest removal rates. The evergreen character
of the urban forest in the MASP possibly contributed to the relatively
high PM, . removal fluxes, as compared to other cities around the
world. Removal rates were higher in the austral summer, when high
precipitation rates restricted the resuspension of deposited particles
back to the atmosphere. When extrapolated to the whole metropolitan
area, assuming homogeneous forestry conditions, the estimated
PM, . removal rates were comparable to the magnitude of vehicular
emissions, showing that air pollution removal by trees can be substantial
in the MASP. The results demonstrate the contribution of urban trees
to the improvement of air quality and can boost the development of
public policies on urban afforestation in the MASP.

Keywords: air quality; ecosystem services; fine particulate matter;
green infrastructure; urban forestry.

A poluigdo do ar é um dos problemas ambientais mais proeminentes em
megacidades como a drea metropolitana de S3o Paulo (AMSP). Arvores
podem contribuir para a mitigagdo da poluigdo do ar proporcionando
superficie para a deposi¢do de particulas e gases traco. Para melhor
aproveitar esse servico ambiental e planejar futuras infraestruturas
verdes, é fundamental estimar as taxas de remogdo de poluentes por
arvores. Pela primeira vez em uma cidade brasileira, foi quantificada a
taxa de remogao anual de material particulado fino (MPZIS) por arvores
urbanas. Para isso, foi utilizado o modelo i-Tree Eco, do tipo “folha
grande”. Como entrada, foram utilizados dados dendrométricos locais,
de concentragdo de MP, e de varidveis meteoroldgicas. As taxas de
remogdo de MP, ; variaram entre 0,06 e 0,21 g/m?/ano em trés areas de
estudo com condigGes de arborizagdo contrastantes. A vizinhanga com
maior cobertura de dossel e diversidade de espécies arboreas apresentou
a maior taxa de remocgao. O carater perene da floresta urbana na AMSP
pode ter contribuido para as taxas de remogdo relativamente altas em
comparagdo com outras cidades do mundo. A remogao foi maior no verao;
a precipitagdo restringiu a ressuspensao de particulas para a atmosfera.
Extrapolando-se os resultados para toda a drea metropolitana, supondo
condigbes de arborizagdo homogéneas, verificou-se que a remogdo de
MP, pela vegetagdo poderia compensar as emisses veiculares desse
poluente, demonstrando o potencial de remogdo de poluentes pela
floresta urbana na AMSP. Os resultados ilustram a contribui¢do das
arvores urbanas para a melhoria da qualidade do ar e podem impulsionar
politicas publicas de arborizagdo na AMSP.

Palavras-chave: qualidade do ar; servigos ecossistémicos; material
particulado fino; infraestrutura verde; arborizagdo urbana.
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PM, . removal by urban trees in areas with different forestry conditions in Sdo Paulo using a big-leaf modeling approach

Introduction

Air pollution is one of the most important environmental prob-
lems in megacities (Gomez Peldez et al., 2020), along with water, waste
and sanitation problems, and heat island effects (Li et al., 2019). The
metropolitan area of Sao Paulo (MASP), in Brazil, is not an exception.
With 21 million inhabitants, the MASP is a node in the global system
of finance and trade, being considered a global city (Parnreiter, 2019).
Economic development associated with insufficient policies on public
transportation, habitation, and urban planning resulted in the deple-
tion of green spaces and chronic traffic jams, leading to air quality de-
terioration. Vehicles are the main source of air pollutants in the MASP
(Andrade et al., 2017), accounting for 73% of hydrocarbon emissions
and 37% of fine particulate matter (PM,,) emissions (CETESB, 2020).
The vehicle fleet in the MASP is fueled by a blend of gasoline and bio-
fuels, resulting in peculiar atmospheric chemistry conditions that fa-
vor the production of secondary particulate matter from hydrocarbons
(Salvo et al,, 2017). Annual averages of PM, concentrations in the
MASP typically range between 15 and 23 pg/m?, above the air qual-
ity guideline of the World Health Organization of 10 pug/m’ (Gémez
Peléez et al., 2020). The health impacts of PM,  are demonstrated in the
literature, being associated with respiratory and cardiovascular diseas-
es (Pope & Dockery, 2006; Liu et al., 2019).

Urban forestry can be useful to mitigate air pollution by PM, , pro-
viding surface area for dry deposition of particles over leaves, branches,
and stems. The physical process of PM dry deposition depends strong-
ly on particle size. Gravitational settling is the dominant process for the
deposition of supermicrometer particles, while fine mode particles are
removed from the atmosphere mostly by turbulent diffusion (Seinfeld
and Pandis, 2006). The process of dry deposition includes the following
three steps:

« particles are transported to the vicinity of the leaves’ surface, en-
during the so-called aerodynamic resistance;

particles cut across the laminar layer adjacent to the surface;
particles adhere to the leaves’ surface depending on particle phys-

ical and chemical properties and leaf morphology (Janhill, 2015).

Morphological attributes of tree leaves and crown influence PM re-
moval. The presence of trichomes and cuticle waxes is associated with
a higher PM, , removal capacity (Gaglio et al., 2022).

Green infrastructures including street trees, vegetation barriers,
and green roofs have been used as a potential solution for air quality
improvement in many cities across the world (Abhijith et al., 2017; Han
et al., 2020). For example, a study in 86 Canadian cities evaluated air
quality improvement and avoided incidences of health effects associ-
ated with PM, , removal by urban trees (Nowak et al., 2018). Different
configurations of roadside green infrastructure have shown reductions
in PM, ; concentrations in the range of 15-20% (Abhijith and Kumar,
2019; Donateo et al., 2021). Wind tunnel experiments have shown that
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selected tree species efficiently remove ultrafine particles from diesel
exhaust (Wang et al., 2019).

The design of green interventions in urban areas must consider
the built environment geometry, wind flow patterns, and vegetation
characteristics like plant height, crown porosity, and proximity to air
pollution sources, particularly in street canyons (Janhall, 2015; Ku-
mar et al., 2019). Particularly, it is important to avoid large trees in
street canyons, since they restrict air pollution dispersion and may
lead to an unsought concentration increase (Abhijith et al., 2017).
In addition to air pollution abatement, urban vegetation can provide
other ecosystem services, like urban heat island mitigation, flooding
mitigation, and improvement of people’s quality of life (Livesley et al.,
2016; Moreira et al., 2020).

Changes in air pollution exposure associated with green inter-
ventions in urban areas have been assessed by field measurements,
wind tunnel laboratory experiments, and model studies (Abhijith
et al,, 2017). Two modeling approaches have been widely used in
the literature to estimate PM removal rates by trees: big-leaf models,
which are based on a simplified one-dimensional deposition process
representing the vegetation by a single leaf surface, and computation-
al fluid dynamics (CFD), which are based on the fundamental laws
of fluid mechanics and thermodynamics (Lin et al., 2019). Recently,
coupled modeling frameworks using regional atmospheric transport
models and big-leaf models have been applied to estimate dry deposi-
tion of air pollutants onto urban trees (Cabaraban et al., 2013). While
field, laboratory, and CFD modeling studies provide a detailed pic-
ture of air pollutant and vegetation interactions in the microscale,
the big-leaf modeling approach is suitable to assess air pollution re-
moval rates by urban forests on a regional scale. In such models, dry
deposition rates are estimated based on observations of tree cover,
vegetation characteristics like leaf area index (LAI), surface meteoro-
logical conditions, and air pollutant concentrations, assuming typical
or parameterized dry deposition velocities (Hirabayashi et al., 2012).
The big-leaf models do not account for the combined effects of veg-
etation and urban structures on wind flow and atmospheric disper-
sion. Even though, model estimates are a valuable tool to assess dif-
ferences in the air pollution removal between cities (Hirabayashi and
Nowak, 2016) and between neighborhoods within a city (Yang et al,,
2005; Escobedo and Nowak, 2009). They are also useful to identify
scenarios in which increased vegetation cover and multiple green in-
frastructure designs could improve the air quality (Jayasooriya et al.,
2017; Wu et al., 2019).

Most studies on the relationships between air quality and ur-
ban vegetation were conducted in North America and Asia (Ar-
antes et al., 2019; Lin et al., 2019). In Brazil, the few existent studies
on the subject investigated eco-toxicological effects of particulate
matter on urban vegetation and biomonitoring (Locosselli et al.,
2018, 2019; Ramon et al., 2022), without providing a quantitative
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assessment of air pollution removal rates. The main contribution of
this study is to provide the first quantitative estimate of air pollu-
tion removal rates by the urban vegetation in a Brazilian megacity.
South American cities are underrepresented in the literature (Ar-
antes et al., 2019; Lin et al., 2019), even though the predominance of
evergreen tree species in tropical and subtropical cities may result
in substantial air pollution removal. MASP is a singular urban area
to investigate air pollution removal by vegetation, since it combines
remnants of the Atlantic rainforest, subtropical humid conditions,
and peculiar atmospheric chemistry conditions associated with
the broad use of biofuels, influencing air pollution production and
emission.

The main objective of the this study was to estimate the PM, ,
removal by urban trees in three neighborhoods with contrasting
tree cover and similar air pollution burden in the MASP using a
modeling approach. The comparison of areas within the same met-
ropolitan region is innovative, since most previous studies have
provided air pollution removal rates for entire cities (e.g., Hiraba-
yashi and Nowak, 2016; Parsa et al., 2019), disregarding the spatial
heterogeneity of urban forestry conditions. The removal rates esti-

mated for a gradient of tree cover can be interpreted as lower and

upper limits for air pollution removal at the MASP. The relevance
of PM,, removal rates was assessed through a comparison with
other cities in the world and with vehicular emission rates. To the
best of our knowledge, this is the first quantitative estimate of air
pollution removal by urban trees in a Brazilian city. The results of
this study can support the design of future urban green infrastruc-

tures in cities where evergreen species predominate.
Materials and Methods

Study areas and sample design

The MASP spreads through 8047 km? and sits in the southeast
of Brazil, in a 760 m plateau region, 70 km distant from the Brazilian
South Atlantic coast (Figure 1). According to Koppen’s classification,
the MASP’s climate can be classified as subtropical humid (Cwa type)
(Alvares et al., 2013). Winter is characterized by dry and mild cold
conditions, with monthly mean temperatures around 15°C and mean
precipitation of 50 mm/month in July. The summer in the MASP is typ-
ically wet and warm, with monthly mean temperatures around 22°C
and precipitation in the range 223-237 mm/month in January (Pifiero
Sénchez et al., 2020).

Figure 1 - Limits of the metropolitan area of Sio Paulo (MASP) in Brazil, location of the three study areas (Ibirapuera, Sio Bernardo, and Paulicéia) and the
IAG-USP meteorological station. The distance between the sites is in the range of 5-17 km.
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Three study areas with contrasting urban forestry conditions were
selected in the MASP. The Ibirapuera study area (Figure 2A) has 76% of
its domain inside the homonymous inner city park, surrounded by a res-
idential area. The Sao Bernardo study area is a mosaic of residential and
commercial zones, containing street trees, public squares, and recreational
areas (Figure 2B). The Paulicéia study area (Figure 2C) is mostly residen-
tial, with isolated street trees, a few gardens, and a great proportion of im-
pervious surfaces. The distance between the study areas, which are located
in the center and southeast of the metropolis, ranges between 5 and 17 km
(Figure 1). Therefore, they are subjected to the same climate conditions.
All study areas are impacted by vehicular emissions, with similar air pollu-
tion burdens, as reported in previous studies (Silva et al., 2021). The MASP
fleet reached 7.3 million vehicles in 2019 (CETESB, 2020).

The study areas had 78 ha each and were designed as a 500-m-ra-
dius circle around air quality monitoring stations managed by the
CETESB state environmental agency (Figure 2). Because of this design,
the in situ dendrometric measurements were conducted within the
footprint of the air quality monitoring stations. This is important to
prevent spatial biases related to the usage of air pollution data that are
not representative of the tree’s immediate environment (Szkop, 2020).
It is important to point out that the three study areas are not intended
to represent the whole metropolitan area.

A sample inventory was chosen to characterize the urban forest
in each study area, with plots randomly picked. The i-Tree Eco stan-
dard plot area of 404.68 m” was adopted (Hirabayashi et al., 2015). The
sampling effort was determined based on the rarefaction curve method
with bootstrap resampling (Engemann et al., 2015). Rarefaction curves
with an increasing number of plots were built for the variables canopy
cover and leaf area. Stabilization of the rarefaction curves determined
the sufficient number of plots in each study area: 55 plots in Ibirapuera,
60 plots in Sao Bernardo, and 55 plots in Paulicéia. This resulted in

sampling intensities in the range of 2.8-3.1%.

Field observations and third-party data

A modeling approach was used to estimate the PM,  removal rates in
the study areas, using the software i-Tree Eco. As input, the software requires
data on the urban forest characteristics, air pollutant concentrations, and
meteorological conditions (Table 1). This was provided by a combination
of in situ observations and third-party data, as described in the following.

Field data collection was performed between June 2020 and April
2021. Most tree species are evergreen, without relevant seasonal vari-
ations on leaf area. A smartphone equipped with a GPS (Global Po-
sitioning System) and the i-Tree Eco Mobile app was used to register
dendrometric parameters for each sampled tree. Only trees and wood-
en shrubs were considered. Three classes of information were collected
in the field: study area, plot area, and individual tree information (Ta-
ble 1). Tree information included species identification, crown geom-
etry, diameter at breast height (DBH), tree light exposure, and crown

conditions related to dieback and pruning.
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Figure 2 - Limits of the three study areas within the MASP (red circles):

(A) Ibirapuera (23°35°14”S, 46°39°27”W), (B) Sao Bernardo (23°41°54”S,
46°32’46”W), and (C) Paulicéia (23°40°13”S, 46°35°04”W). The red pin shows
the location of the CETESB air quality monitoring station. The yellow pins show
the location of random plots where dendrometric field data were collected.

Third-party data on atmospheric conditions were acquired for the
year 2016. This year was chosen because it was the most recent in the
i-Tree Eco database. We assume that the overall characteristics of the
urban forest did not change significantly from 2016 to 2020, when den-
drometric data were collected. In situ dendrometric data, air pollution
data, and precipitation data must be submitted to the software develop-
ers in advance, so that all the input data are ultimately dependent on the
i-Tree Eco database. Hourly data on PM, , concentrations were acquired
from the air quality data platform Qualar (CETESB, 2022), maintained
by the CETESB state environmental agency. The typical PM, ,/PM, ra-
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tio of 60% in the MASP (CETESB, 2008) was assumed in the case of
the Paulicéia study area, since only PM, measurements were available.
Recent data from the CETESB air quality monitoring stations at Parque
Dom Pedro and Sao Caetano in the year 2019 confirm that the 60% ratio
of PM, /PM, remained constant over time and in different parts of the
MASP. Hourly precipitation data were provided by the JAG/USP me-
teorological station at the Universidade de Sao Paulo (23.6 S, 46.6 W).
The distance between the sites and the IAG/USP weather station ranged
from 5 to 10 km. Previous studies have shown the homogeneity of pre-
cipitation records at the IAG/USP station on the spatial scale so that they
are representative of the whole MASP (Sugahara et al., 2012). Data on
atmospheric conditions were sent to the i-Tree Eco database 6 months
prior to the model runs. Data submission is necessary only for countries
outside the USA and Canada.

i-Tree Eco model calculations

The removal rates of PM,, by the urban trees were calculated us-
ing the i-Tree Eco version 6.0 software. The model estimates hourly
dry deposition of PM, , and other atmospheric pollutants like O,, SO,,
NO,, and CO. In addition, the software can evaluate many other eco-
system services provided by urban trees, such as carbon sequestration
and avoided runoff (Hirabayashi et al., 2012). Considering the avail-
ability of air pollution data in the study areas, this research focused on
the evaluation of PM, , removal by urban trees.

As input, the software uses hourly data of in situ observations of air
pollutant concentrations and meteorological conditions. In the case of
projects located outside the USA and Canada, atmospheric data must
be submitted to the i-Tree Eco team in advance. The i-Tree Eco also re-
quires information about the urban forest at each site, such as individ-
ual tree properties and land use. A sampling inventory was performed
to gather the necessary information about the urban forest at the three
study areas. Based on dendrometric data collected at random plots, the
software upscales the information of the whole study area by averaging
the plots. With that, the software is able to estimate average properties

of the urban forest like canopy cover and leaf area (Table 1).

The dry deposition flux of PM, (f) is calculated as the product
between deposition velocity (V) and concentration (C) at each hourly

time step (t) (Equation 1):
f@® =Va(0).C®) (1)

in units of g/m?h. PM,  concentration was measured in situ, while
the deposition velocity was based on the average of reference values for
17 tree species, considering classes of wind speed between 1 and 10 m/s
and the LAI derived from field observations (Hirabayashi et al., 2015).
Therefore, the information on tree species is used in combination with
crown geometry solely to derive the LAI at each site. This is a limita-
tion of the model, since particle deposition velocity may vary with tree
species (Gaglio et al., 2022). The model assumes that a percentage of
the material deposited on the leaves can be resuspended back into the
atmosphere by the action of winds. The flux of resuspended PM, , (R)
is calculated in units of g/m?*/h as follows (Equation 2):

r7(t)
100

R(@®) =[A(t -1+ f(©O] 2
Where:

A(t - 1): flux of PM,; accumulated on leaves at the previous time step;
rr(t): the percentage resuspension rate at time t.

The resuspension rate is a function of wind speed, ranging between 0
and 23%. Finally, the net removal flux of PM, (F ), accounting for dry

deposition and resuspension processes, is calculated as follows (Equation 3):
Free (t) = f(8) = R(t) 3)

Instantaneous values of the net removal flux are usually positive (f> R)
so that deposition overcomes resuspension. Occasionally, when the wind
speed is high, resuspension can exceed the dry deposition flux, so that F
can be momentaneously assumed to be negative values. In addition to the
winds, precipitation also plays an important role in the model estimates.

Table 1 - List of field observations collected for the entire study areas, for each plot and tree. Atmospheric conditions were provided by the CETESB
environmental agency and the meteorological station of IAG/USP. Based on the in situ observations, the i-Tree Eco model estimated the mean characteristics

of the urban forest at each study area.

Field observations Third-party data Estimated quantities (i-Tree Eco)

5 ; Location. Land use. Evergreen
Study area information "
conditions.
Location. Land use. Tree cover. Number
of trees. % of impervious surface.

Species. DBH. Height. Crown
dimensions. % of missing crown. % of
crown dieback. Light exposure.

Plot information

Tree information

Air pollution conditions =

Meteorological conditions =

610

Canopy cover. Leaf area. Leaf area
- index. Number of trees. Density of
trees. PM, _ net removal rates.

= Canopy cover. Leaf area.

- Crown volume.

Hourly PM, ; concentrations =

Hourly wind velocity and precipitation -
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The software assumes that PM, , gradually accumulates on leaves and
is washed off by precipitation. That is when the particulates are effec-
tively removed from the atmosphere and are carried to the ground.
During drought periods, the deposited particles are subjected to re-
suspension, going back and forth between atmosphere and leaves, re-
sulting in low values of F, . A recent study has shown that the i-Tree
Eco estimates for the net deposition flux of particles are compatible
with micrometeorological in situ observations at an urban Mediter-
ranean forest (Pace et al., 2021).

One of the limitations of the big-leaf modeling approach is that
the model does not account for the spatial distribution of the urban
green structures relative to the location of the air pollution emis-
sion sources. In addition, it does not consider the impacts of the
vegetation and of the urban structures on the local scale of wind
circulation. Tall vegetation with closed canopies can reduce air pol-
lutant dispersion, leading to air quality deterioration, especially in
street canyons (Abhijith et al., 2017). Another limitation is that air
pollutant removal by bushes and grasses was not accounted for in
this study, so that the calculated PM,, removal rates can be under-

estimated.
Results and Discussion

Structure of the urban forest in the study areas

Table 2 summarizes the main characteristics of the urban
forest in each study area. There is a clear gradient of canopy
cover, from 12.6% at Paulicéia to 64.2% at Ibirapuera. The lat-
ter has 76% of its domain inside a park, with a density of 111
trees per hectare and a relatively closed canopy. Considering that
59% of the Ibirapuera study area is located within the park, the
estimated canopy cover (64.2%) and the estimated number of
trees (5,079) are compatible with the Forestry Inventory of the
Ibirapuera Park (70% and 5,650 trees, respectively) (Kabashima
et al., 2019).

Table 2 - Main characteristics of the urban forest at the three study areas,
estimated by the i-Tree Eco software based on field observations.

. Sao . ..
_
78 78 78

Area (ha)

Number of plots 55 60 55
Plots without trees (%) 7.3 33.0 56
Estimated number of trees 8,608 3,756 811
Estimated tree density (trees/ha) 111 48 10
Estimated canopy cover (%) 64.2 20.4 12.6
Estimated canopy cover (ha) 50.11 15.94 9.82
Estimated leaf area (ha) 82.69 17.27 6.94
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Among the three study areas, the Ibirapuera area has the most het-
erogeneous urban forest, with a relatively large amplitude of DBH val-
ues (Figure 3). Ibirapuera has trees in all DBH and succession classes,
similar to natural forests. On the contrary, large trees predominate at
Paulicéia, with 50% of the trees having a DBH greater than 45 cm. In
this way, the low tree density at Paulicéia is somewhat compensated by
large crown volumes. DBH distribution at Sao Bernardo is concentrat-
ed in the range of 15-45 cm (50% of the trees), with only 10% of trees
having DBH above 60 cm.

The urban forest at the study areas comprised native and exotic
trees. South American native trees comprised 46, 39, and 74% of tree
species, respectively, at Ibirapuera, Sdo Bernardo, and Paulicéia. Most
exotic tree species have the Asian continent as their origin. A limited
number of species were identified, when compared to the Atlantic
rainforest in the state of Sdo Paulo (Caiafa and Martins, 2010): 54,
30, and 14 tree species at Ibirapuera, Sao Bernardo, and Paulicéia,
respectively. Increasing the diversity of trees in urban areas can miti-
gate the impacts of plagues and diseases (Raupp et al., 2006). Howev-
er, the introduction of exotic species characterized as invasive plants
threatens the conservation of native plants, competing for space and
resources. Exotic invasive plants usually do not have natural com-
petitors, so that they spread and dominate the environment, threat-
ening the reproductive success of native plant species, endangering
plant-animal interactions, and ultimately spoiling the maintenance of
biodiversity (Zenni and Ziller, 2011; Silva et al., 2020).

Table 3 lists the four most frequent tree species observed in each
study area, as well as their contribution to the total leaf area. Ibirapuera
showed the greatest diversity of species, with Ligustrum japonicum and
Tipuana tipu being the most frequent, contributing to 26% of the total
leaf area. At Sdo Bernardo, the predominant tree species were Caesal-
pinia peltophoroides (15.1%) and L. japonicum (12.1%), comprising
34% of the total leaf area. The urban forest at Paulicéia showed the low-
est diversity, with 34.8% of trees of a single species, T. tipu, comprising
42.2% of the total leaf area.

0.35
M |Ibirapuera Sdo Bernardo Paulicéia
0.3
wv
[
¢ 025
% 02
Q
a0
8 0.15
c
S o1
s .
a
0.05 I
6 N © A NN > A < 9
AR I I M A~ S A
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AT DT R @7 A &

DBH classes (cm)

Figure 3 - Distribution of trees by DBH classes for each study area.
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Table 3 - Dominant tree species at each study area and corresponding percentage contribution to the tree population and leaf area.

Tipuana tipu (Benth.) Kuntze
Ligustrum japonicum Thunb.
Ibirapuera
Ficus sp. (género)
Eucalyptus globulus Labill.
Caesalpinia pluviosa variedade peltophoroides
Pinus elliottii Engelm.
Sao Bernardo
Ficus macrocarpa L.f. 1782
L. japonicum Thunb.
T. tipu (Benth.) Kuntze
C. pluviosa variedade peltophoroides
Paulicéia
Ceiba pentandra (L.) Gaertn.
L. japonicum Thunb.

Removal of PM, . by the urban forest

Based on dendrometric field data, air pollution, and meteorolog-
ical conditions, the i-Tree Eco model calculated the hourly PM, re
moval flux by trees at the three study areas. Hourly removal data were
integrated over the year 2016 and over the 78 ha of each study area,
resulting in 165, 112, and 51 kg/year of PM,
Ibirapuera, Sdo Bernardo, and Paulicéia, respectively (Table 4). Table 4
shows that PM, ,

Considering that the meteorological conditions are similar because the

removed by the trees at
concentrations were similar at the three study areas.

stations sit relatively close to each other (distances in the range of 5-17
km), differences in the removal rates may be attributed to the contrast-
ing characteristics of the urban forest in each location (Table 2). The
greatest PM, _ removal rate was obtained for Ibirapuera, which had the
greatest canopy cover, leaf area, tree density, and tree diversity.

Direct observations of PM, , removal by urban trees are very scarce
in the literature (Pace et al., 2021). Since there are no direct observa-
tions available for the MASP, the reasonability of the estimated removal
fluxes can be evaluated through comparison to previous estimates in
other urban forests across the world. For comparison with other urban
forests around the world, it is necessary to consider the PM, annual
removal flux, which is normalized by the area of interest, which could
be either a neighborhood or an entire city. Air pollution removal fluxes
rely not only on the urban forest properties but also on the magnitude
of air pollutant concentrations, so that this factor should be considered.

Table 5 shows a comparison of PM, ; removal fluxes in different
cities using a similar methodology and the same model. Paulicéia and
Tabriz have comparable values of tree cover and PM, , removal fluxes.
Although the density of trees at Paulicéia is very low, 96% of trees have
DBH above 15.2 cm, compared to 22% at Tabriz (Parsa et al., 2019),
and that explains the relatively high removal efficiency of the urban
forest at Paulicéia. Sio Bernardo’s tree cover is comparable to the cit-

ies of Edinburgh and Mérida, but its PM, . removal fluxes are greater
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Fabaceae/Faboideae 16.5

Oleaceae 9.5 10.2
Moraceae 7.5 0.4
Myrtaceae 5.8 1.6
Fabaceae/Caesalpinioideae 21.1 15.1
Pinaceae 19.0 8.3
Moraceae 18.7 7.3
Oleaceae 12.9 12.5
Fabaceae/Faboideae 42.2 34.8
Fabaceae/Caesalpinioideae 18.5 13.0
Malvaceae 15.3 8.7
Oleaceae 11.0 4.3

Table 4 - Annual mean and standard deviation of PM, , concentrations
observed at the three study areas. PM,  removal rates estlmated by the
i-Tree Eco model.

Sao
_

PM,, mean concentration (ug/m’) 16+ 14 17+12 15+11
PM, , removal flux (g/m?/year) 0.210 0.148 0.065
PM, , removal rate (kg/year) 165 112 51

by a factor between 2 and 3. Differences in the DBH distribution and
tree species explain the relatively high efficiency of PM, ; removal by
the urban forest at Sao Bernardo. Trees at Sdo Bernardo have a higher
DBH compared to those in Edinburgh and Mérida, and most species
are evergreen. The low PM, . concentrations at Edinburgh may also
contribute to the relatively low removal rates since the deposition flux
is proportional to the concentration (Equation 1). Finally, Ibirapuera
and green municipal spaces at Strasbourg can be directly compared,
since both studies focused on urban parks and green areas, with a tree
cover of more than 60%, and had similar PM, . concentrations. The
PM, , removal fluxes are comparable in Ibirapuera and Strasbourg. The
smaller tree density at Ibirapuera is somewhat compensated by the ev-
ergreen character of the vegetation. In contrast, deciduous trees pre-
dominate at Strasbourg, with a leaf-off season lasting almost 6 months
(Selmi et al., 2016).

Overall, results indicate a higher removal capacity of the urban
vegetation in the MASP compared to other cities. We argue that this
could be explained by the evergreen nature of the vegetation in Sdo
Paulo, as well as by differences in the DBH distribution toward larger
trees. However, since the i-Tree Eco model relies on a number of as-
sumptions and simplifications, as described in the methods section,
it is possible that the estimated removal rates could be overestimated.

It is noteworthy that an eventual source of the overestimation was not
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Table 5 - Comparison between urban forest characteristics, PM, ; annual mean concentrations, and PM, ; removal by trees in different urban areas across the

world, using the i-Tree Eco software.

(g T 17 Tree cover (%) | Trees per ha
and country
9 79

Tabriz, Iran

<15.2 cm (%)

Paulicéia, Brazil 13 10 4
Edinburgh, UK 17 62 59
Sao Bernardo, Brazil 20 48 18
Merida, Mexico 21 96 64
Ibirapuera, Brazil 64 111 32
Green spaces in 68 271 44

Strasbourg, France

clearly detected in the analysis. Estimated parameters of the urban for-
est at Ibirapuera were compatible with the Ibirapuera Park Inventory.
The simplification of the model by assuming dry deposition velocities
that are not dependent on the tree species typically results in an under-
estimation of removal rates (Gaglio et al., 2022). The lack of direct field
measurements of PM, , removal by urban trees in Sao Paulo hinders a
complete validation of the results.

The relevance of the PM,, removal rates by the urban forest at
MASP can be assessed through a comparison with vehicular emis-
sion rates in the metropolis, estimated at 1,220 tons of PM per year
(CETESB, 2020). Extrapolation of the annual removal rate obtained for
the Sdo Bernardo area (0.78 km?) to the entire metropolitan area (8,047
km?) leads to 1,191 tons of PM, , removed by trees per year (Figure 4).
In other words, if the MASP as a whole had an urban forest similar to
the Sdo Bernardo study area, the PM, , removal by trees could balance
the vehicle emissions. Despite the huge simplification of this reasoning,
it is suggested that the contribution of the urban forest to air pollution

removal can be substantial in the MASP.

Seasonality of PM, . removal

Although the three study areas are located in a subtropical region,
with a predominance of evergreen tree species, the removal of PM,
by the vegetation showed a marked seasonality, which was attributed
to climatic conditions, especially the precipitation patterns. The i-Tree
Eco model assumes that the particles deposited onto the vegetation are
effectively removed from the atmosphere when the leaves are washed
by the rain. In the absence of rain, the deposited particles are prone to
be resuspended by the wind back to the atmosphere, resulting in a low
net removal of PM_, by the vegetation. Accordingly, the driest months
of 2016, April and July (Figure 5A), had the lowest PM, , removal rates
(Figure 6B), with a similar behavior in the three study areas. The in-
fluence of wind on PM, , removal rates was less clear, possibly because

its seasonal variation is weaker compared to precipitation (Figure 5B).

Trees with DBH
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PM, ; concentration

M, , removal

References

' (ug/m?) (g/ inzlyear)
Parsa et al. (2019)
0.050 Barzeghar et al. (2020)
15.1 0.065 This study
Doick et al. (2017)
64 0.060 UK-AIR (2022)
16.7 0.148 This study
Concha et al. (2017)
15 0.049 INECC (2019)
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Selmi et al. (2016)
17.5 0-208 Vaudrey et al. (2020)
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Figure 4 - Extrapolation of the PM, , annual removal fluxes from the
three study areas to the entire metropolitan area. Estimates of PM annual
emission rates in the MASP considering vehicle and industrial emissions,
according to CETESB (2020).

Therefore, precipitation was a key meteorological factor in the deter-
mination of PM, ; removal rates in the study areas.

PM, , concentrations also responded to the dry conditions, with peak
concentrations in April and in the austral winter (June-August) of 2016
(Figure 6A). In addition to the lower precipitation rates, the winter at
MASP typically shows unfavorable conditions for air pollution dispersion,
resulting in relatively high concentrations of primary pollutants (Carvalho
et al., 2015; Silva et al., 2021; Oliveira et al., 2022). The seasonal behavior
and concentration range of PM, , were very similar in all three study areas
(Figure 6A), showing that they are subjected to the same regional-scale
climate forcing and have comparable air pollution burdens.

Conversely, higher PM, , removal rates were observed during the
austral summer when PM, . concentrations were lower (Figure 6).
The differences in the magnitude of PM, , removal among the study
areas were accentuated during the summer (January-March), ranging
from 5 kg/month at Paulicéia to 20 kg/month at Ibirapuera. Consid-
ering that the sites have a similar air pollution burden and climatic
conditions, the differences in PM,, removal may be partially at-

tributed to the characteristics of the urban forest at each study area.
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Figure 5 - (A) Monthly precipitation and (B) wind velocity monthly means in 2016 and respective climatological means for the period 1991-2016. The data

were provided by the meteorological station of IAG/USP.
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Figure 6 - (A) Monthly means of PM, ; concentrations and (B) monthly
removal rates of PM, ; by the urban forest in 2016. The three study areas
have 78 ha each so that the removal rates are directly comparable.

Other characteristics of the study area, like local topography and the
proximity between trees and PM, , emission sources, could also con-
tribute to the differences in the removal rates.

The seasonal behavior of PM removal by the urban forest in the
MASP was similar to that in Beijing and Strasbourg (Yang et al.,, 2005;
Selmi et al., 2016), with smaller removal rates during the winter. Howev-
er, the reasoning is distinct. In the MASP, PM removal by the evergreen
vegetation is smaller during the winter because of climate conditions,

while at Beijing and Strasbourg, it is explained by the leaf-out season.
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Conclusion

PM, , removal by urban trees was estimated for the first time in a
Brazilian megacity, with annual removal rates ranging between 0.06
and 0.21 g/m?/year. South American cities are underrepresented in
the literature about air pollutant removal by trees, so that the this
study contributes to fill this gap. Compared to other cities around the
world, the urban forest in the MASP showed great potential for PM, ,
removal, with relatively high removal efficiencies. Climate conditions
in the MASP favor the development of evergreen tree species, with
relatively high DBH and crown volume, resulting in a high efficien-
cy of PM,, removal per m* of green area. It is important to publicize
these results, since they can support the design of future urban green
infrastructures for air pollution mitigation in cities where evergreen
species predominate.

Another innovation of this study is the comparison of neighbor-
hoods with different urban forestry conditions within the metropolis.
The study area with the highest canopy cover and diversity in tree spe-
cies and DBH classes (Ibirapuera) showed the greatest PM, , removal
rates. Extrapolating the characteristics of the urban forest in the study
areas to the whole MASP area, the estimated PM, ; annual removal
fluxes are similar in magnitude to the vehicular emission rates. This
result suggests that the contribution of the urban forest to air pollu-
tion removal can be substantial in the MASP, supporting the devel-
opment of public policies toward the use of green infrastructure to
mitigate air pollution.

It is important to recognize that the big-leaf modeling approach
does not consider the location of air pollution emission sources and
green structures. For example, a concentrated urban forest massif
like the Ibirapuera study area may not be effective in removing air
pollutants emitted in other downwind neighborhoods. Because
of that, the spatial distribution and the choice of species must be
carefully considered in the design of green infrastructure toward
the abatement of air pollution. Proximity of green infrastructure

to PM, , emission sources is advised to improve the removal by dry
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deposition. Another limitation of the model is the assumption that
dry deposition velocities are not dependent on the tree species. It is
possible that the simplifications of a big-leaf model resulted in the
overestimation of removal rates, although the cause of an eventu-
al overestimation was not clearly detected. The lack of direct field
measurements of PM, _ removal by urban trees in Sao Paulo hinders
a complete validation of the results. For a complete picture of the
urban forest services related to air pollution removal in the MASP,

further studies should expand the study areas, assess the removal

of gaseous air pollutants, and combine modeling with in situ field

observations of dry deposition.
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